Abstract-With lower wire resistance and faster signal rise times, the on-chip inductance plays an important role in determining the circuit performance and signal integrity characteristics. The self and mutual inductance must be considered in the analysis of crosstalk noise between coupled RLC interconnects. Based on the ABCD parameter matrix, a decoupling technique for two coupled identical RLC interconnects is developed. The inductances (capacitances) of two decoupled interconnects are the effective inductances (capacitances) when both inputs switch in the same and inverse direction, respectively. A model of the peak crosstalk noise is developed based on this decoupling technique, with the peak noise occurring at the time of flight
I. INTRODUCTION

I
T is well accepted that the on-chip interconnect plays an important role in the performance and signal integrity of deep submicrometer VLSI circuits. With faster rise times and lower resistance, long wide wires in the upper metal layers exhibit significant inductive effects. An efficient RLC model of the on-chip interconnect is therefore critical to interconnect optimization in high level design, logic synthesis, and physical design.
Interconnect optimization that considers only one distributed RLC line is studied in [1] , where the coupling effects from neighboring wires are ignored. Due to increased vertical/lateral aspect ratios of the interconnect and decreased interconnect spacing, the coupling (fringing) capacitance between interconnects approaches or is greater than the line-to-ground capacitance. Furthermore, coupling inductance occurs in both neighboring and non-neighboring wires. Ignoring these coupling capacitances and inductances will severely underestimate the interconnect delay and crosstalk noise between coupled interconnects.
A closed-form expression for the crosstalk noise between two identical RLC lines is developed in [2] , assuming that the two interconnects are loosely coupled ( . In [5] , a technique to decouple coupled RLC interconnects into independent interconnects is developed based on a modal analysis. This decoupling method, however, assumes a TEM mode approximation ($
) which is only valid in a 2-D structure with a perfect current return path in the ground plane directly beneath the conductors [6] .
Based on the ABCD parameter matrix, a technique to decouple two coupled lossy RLC interconnects into two independent interconnects is developed here without any assumptions. With this decoupling technique, an accurate crosstalk noise model for two identical coupled interconnects is developed, followed by a model of the maximum peak crosstalk noise between two non-identical coupled RLC interconnects. The model of the peak crosstalk noise exhibits an average error of 6.8% as compared to SPICE.
The rest of the paper is organized as follows. In Section II, a technique for decoupling two identical coupled RLC interconnects is developed. Based on this decoupling technique, a model of the peak crosstalk noise between two coupled interconnects is developed and compared to SPICE and other peak crosstalk noise models in Section III. In Section IV, a model of the maximum peak crosstalk noise between two non-identical coupled RLC interconnect is developed. Some conclusions are offered in Section V.
II. DECOUPLING TECHNIQUE
Two identical coupled interconnects with a coupling capacitance 3 4 , mutual inductance 
where
, and 
Furthermore, the matrix 
where , and the identity,
can be obtained as shown in (12). For the driver and receiver ends of two identical coupled RLC interconnects,the ABCD matrices are
By solving the Kirchhoff equation for coupled interconnects, of these two coupled interconnects can be obtained as 
Note that°( and°Q are in the same format as the transfer function of a single transmission line [1] . The output voltages of two coupled interconnects can, therefore, be determined from (16) using the transfer functions of the two independent interconnect systems,°( and°Q . When the input of the victim line is at ground, the coupling noise caused by the aggressor
The decoupled interconnects are shown in Fig. 2 . 
III. PEAK NOISE OF TWO COUPLED INTERCONNECTS
For the coupled interconnects shown in Fig. 1 , the transient response at the two outputs can be expressed using the normalized variables listed in Table I [7] . Furthermore, in order to characterize the effect of inductance on the crosstalk noise, a parameter´, described in [8] , is used, where´is defined aś
The crosstalk noise can therefore be expressed using only five variables,´, 
At the time of 
Combining (24) and (25), the peak crosstalk noise of two strongly inductively coupled interconnects is 
The peak noise in (28) is determined from the transient response of the two decoupled interconnects. In order to determine the precise value of the decoupled voltages , a traveling wave based approximation technique (TWA), as described in [9] , is used to construct the transient output response of the two decoupled interconnects. In the TWA technique, the low frequency characteristics of the transient signal is represented by a three pole approximation. The high frequency characteristics of the transient signal is determined by the traveling wave characteristics and a modified approximation of the RC response. Based on the TWA technique, the peak crosstalk noise is obtained from (28) , and¸© are omitted to due to space limit). The crosstalk noise model by Davis [4] is also shown in Fig. 4 for comparison. In [4] , the crosstalk is assumed to occur at the time of flight The peak crosstalk noise increases when¸© or¸ deviates from the values that satisfy (29). This peak crosstalk noise model exhibits an average error of 6.8% as compared to SPICE.
IV. UPPER LIMIT OF PEAK CROSSTALK NOISE BETWEEN TWO NON-IDENTICAL COUPLED INTERCONNECTS
In Sections II and III, the decoupling technique and a model of the peak crosstalk noise are developed for two identical coupled interconnects. For non-identical coupled interconnects, no analytic decoupling technique exists, therefore, the peak crosstalk noise model cannot be developed in the same manner as described in Section III. The upper limit on the peak crosstalk noise, however, can be obtained for two non-identical coupled interconnects by exploiting physical insight acquired from applying the decoupling technique to two identical coupled interconnects.
Similar to the decoupling technique for two identical coupled interconnects, two non-identical coupled RLC interconnects with driver resistances . Infinitesimally small segment of decoupled interconnects. Note that this decoupled circuit is used to determine the upper limit rather than the peak crosstalk noise.
Note that this decoupled circuit is used to determine the upper limit rather than the peak crosstalk noise. The upper limit can be obtained from (28) by using the decoupled circuit shown in Fig. 6 . A comparison of the upper limit of the peak crosstalk noise with SPICE for different values of model exhibits an average error of 6.8% as compared to SPICE. The peak crosstalk noise decreases with an increase in the inductance effect characterization parameter´. A distributed RC model of the interconnects can be used to determined the crosstalk noise ifí s sufficient large (´º
! ·
). The peak crosstalk noise does not necessarily increase with greater coupling inductance or capacitance. The decoupling technique is further extended to two non-identical coupled interconnects, and an upper limit on the peak crosstalk noise is determined.
